This paper presents two approaches for the fabrication of top-down titanium nanostructures. The first approach involves electron beam lithography followed by a tailored titanium plasma etching. The two main challenges of this process lie in the optimization of the negative tone Ma-N electroresist resolution and in the definition of a controlled titanium etching process for titanium patterns less than 20 nm thick and wide. The second proposed approach is a damascene process where the titanium nanostructures are buried in the oxide. Very shallow and narrow (20 nm Â 20 nm) trenches are first patterned in the oxide and nanostructures are obtained by planarization of an evaporated titanium film. The dimensions of the structures are defined by the electron beam lithography resolution and the etching recipe. The third dimension is given by the titanium or any other metal thickness and can be controlled down to few nanometers thanks to the planarization step.
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I. INTRODUCTION
Titanium oxide (rutile) has peculiar physical properties 1 that have already been exploited since the sixties for the fabrication of passive devices, 2 while titanium (Ti) is a bulk material for the fabrication of microstructured devices such as microelectromechanical systems 3 or microbolometers. 4 To date, very few results have been reported on the fabrication of titanium/rutile nanostructured devices 5 although titanium/ rutile nanostructures have demonstrated their great potential for use in the fabrication of future nanoelectronic devices and circuits, 6 such as MEMRISTORS, 7 or single electron transistors (SETs). 8 The fabrication of titanium nanostructures less than 100 nm requires precise control of the resist pattern transfer in the metal through the etching process. Dry etching of titanium thin films involves fluorine and/or chlorine based chemistries 3, 4, 9, 10 that lead to etch rates in the range of a lm/ min. However, Gilmartin et al. 5 have developed a nanoscale Ti etch process using electron beam lithography (EBL), achieving 70 nm critical dimension (CD) structures.
Chemical mechanical polishing (CMP) was first exploited in the back-end-of-line (BEOL) for multilevel metallization in the early 1990s. 11 It was then introduced in the front-endof-line through shallow trench isolation technology in 1995. 12 After incremental developments mainly due to new BEOL materials it has been integrated in the 45 nm technology node as a solution for high K-metal gate structures. 13 CMP is a promising candidate for the 32 nm node and future applications such as fin-shaped field effect transistor, phase change memory, 3D integration, 12, 13 and SETs. 8, 14 This paper proposes two different approaches for the fabrication of top-down titanium nanostructures. The first approach involves EBL followed by a tailored titanium plasma etching. The two main challenges of this process lie in the optimization of the negative tone Ma-N electroresist resolution and in the definition of a controlled titanium etching process. The second approach is a damascene process where the titanium nanostructures are buried in the oxide. Very shallow and narrow trenches are first patterned in the oxide and nanostructures are achieved by planarization of the evaporated titanium film with a CMP process.
II. FABRICATION PROCESS A. Titanium dry etching
The first proposed method for the fabrication of titanium nanostructures consists of EBL followed by plasma etching. The EBL was achieved using Ma-N 2401 electroresist from Micro resist technology, and a Zeiss LEO 1530 scanning electron microscope (SEM) working at 20 keV. Figure 1(a) shows an SEM image of Ma-N isolated lines on a thermally oxidized silicon substrate. The electroresist has been spun at 5000 rpm while Ma-D 525 was used for the development. The lines are 120 nm wide which corresponds to the ellipsometric measurement of the resist thickness after spinning. When the width of the resist lines is decreased to less than 30 nm, their aspect ratio is greater than a factor of four and the lines collapse [the darker lines in Fig. 1(a) ]. illustrates a Ma-N line less than 20 nm wide and 40 nm thick standing on a titanium thin film. In order to decrease the resist thickness and thus meliorate the minimal resolution, Ma-N 2401 was diluted in an equivalent volume of anisole. The resist is then 60 nm thick after spinning and 40 nm after development. The Ma-D 525 development and subsequent rinsing are critical steps. It is preferable to use an automatic spray developing system and essential to rinse the sample at least 5 min in stirred deionized (DI) water.
The pattern transfer in the titanium thin film was performed with a multiplex inductively coupled plasma (ICP) SR III-V system from Surface Technology Systems. The samples used are silicon substrates with a thermal oxide underneath a 20 nm evaporated titanium layer. Table I summarizes the optimized process parameters for the developed BCl 3 /Cl 2 etching recipe. A small BCl 3 flux was chosen in order to have a good selectivity between the resist and the titanium. The mechanical contribution of BCl 3 to the etch process is thus decreased while minimum Ti sidewall passivation is maintained for better CD control. 5 The Cl 2 flux was chosen in order to have acceptable etch rates for 20 to 50 nm thick Ti film. An increased amount of Cl 2 would have led to an increase of the Ti etch rate 3, 10 and thus to a fast and uncontrolled etching procedure. The bias power has been decreased to the minimum in order to decrease the titanium etch rate as well as the resist etch rate and maintain a good selectivity. Lower biases have shown nonuniform etching over the sample. Finally, a 175 W source power resulted in 40 nm/min Ti etch rates and thus was preferred to higher source power values that showed higher etch rates (80 nm/min for 250 W).
The graphic of Fig. 2 represents the amount of etched material as a function of time for titanium (24 and 40 nm thick films) and 24 nm thick plasma oxidized Ti. The Ma-N and SiO 2 etch rates are given in the graphic for comparison. The amount of etched material has been measured by ellipsometry on samples without resist and/or patterns. The oxidized titanium has been obtained by an oxygen plasma oxidation of a 24 nm thick titanium sample which led to an increase of TiO 2 from less than 2 nm of native oxide up to 6 nm of grown oxide. The graphic demonstrates that the titanium oxide has a strong influence over the etching and can act as a masking layer. 3 Indeed, when only the native oxide lies on top of the Ti film, the etching becomes effective before 20 s of process, while for the oxidized sample at least 35 s are necessary for the complete removal of the TiO 2 layer. When the titanium layer has been uncovered the etch rate reaches 200 nm/min for both samples. An overetch of 10 s is then mandatory to obtain a silicon oxide surface completely free of Ti residues. These residues are not observed by ellipsometry because of their nanometric dimensions and sparse dispersion but they are clearly visible on SEM images.
Even though the titanium layer is only 24 nm thick and would theoretically take about 6 s to etch, a procedure of 35 s is necessary due to the time needed to remove the Ti native oxide at the beginning of the process and the Ti residues at the end. This effect is clearly highlighted with the 40 nm layer that needs almost the same etching time as samples half as thick. Argon could have been added to the plasma chemistry in order to increase the physical etching; however, this increases the sidewall roughness and reduces the resist selectivity and is thus not suitable for patterns less than 30 nm. Figure 3 shows SEM images of isolated Ti lines and trenches that have been successfully transferred in the metal through a 45 s process with the etching parameters described in Table I .
B. Chemical mechanical planarization
A simplified scheme of the CMP fabrication process is given in Fig. 4 . After oxidation of a (1 0 0) silicon substrate, trenches were patterned using EBL followed by plasma etching (step 1 to 3 of Fig. 4) . The dimensions of the structures are limited by the EBL resolution and the verticality of the oxide etching recipe. The EBL was carried out using ZEP520A electroresist that has been diluted in anisole in a 2.4 volume ratio for improved resolution. The thickness of the resist spun at 5000 rpm decreases from 300 nm down to 90 nm for the diluted solution. The EBL was performed at 20 keV with development in O-xylene at room temperature. A 125 C post-bake was done in a stove for 30 min in order to increase the etch resistance and improve the line edge roughness (LER). 15 The nanoscale patterns were then successfully transferred in the oxide through a CF 4 based ICP dry etching. The platen temperature was decreased down to À20 C for improved LER, while the source and bias power were fixed to 100 and 50 W, respectively with a chamber pressure as low as 8 mT in order to increase the sidewalls vertically and the resist/oxide selectivity. This etching recipe together with the adapted EBL permitted the fabrication of very shallow and narrow (20 Â 20 nm) trenches with almost vertical sidewalls (86 ), and a line edge roughness (3r) of less than 1 nm. 15 A titanium film was then deposited by electron beam evaporation in a way to completely fill the oxide trenches. Finally, a planarization step is used to eliminate the residual titanium on the oxide surface and give rise to the embedded titanium nanostructures (step 4 and 5 of Fig. 4) .
The titanium removal rate (RR) as well as the silicon dioxide RR depend on many CMP parameters such as the head and platen rotation speeds, the polishing pad and subpad materials, and the amount of slurry. For the fabrication of the devices one wants to remove the silicon dioxide at the same rate as the titanium in order to be able to decrease the metal thickness down to few nanometers (step 5 to 6 of Fig. 4) . The easiest way to adapt both material removal rates (MRRs) is to modify the slurry chemistry and/or the nanoparticle density. The original slurry used is a commercial solution from Allied High Tech Products, Inc. with 50 nm silica nanoparticles diluted in a basic solution. Figure 5 graphic shows the titanium and silicon dioxide material removed as a function of time. The original slurry showed a MRR (solid line in Fig. 5 ) three times higher for the oxide compared to the titanium.
The first option explored to adjust both MRRs was to dilute the slurry with DI water. The dashed lines of Fig. 5 show that with a dilution of one volume of slurry solution in five volumes of DI water the SiO 2 RR was drastically reduced compared to titanium. The nanoparticle density in the diluted solution is decreased and thus the SiO 2 RR, which is more mechanically than chemically driven, is also decreased and a selectivity close to unity was reached. However, the RR has been decreased by a factor of 10 down to less than 3 nm/min which is not acceptable for the planarization of layers more than 30 nm thick. Furthermore, when DI water is added to the slurry, even in a one to one volume ratio, the solution is destabilized and scratches appear on the sample surface. This is explained by micrometric titanium and/or nanoparticle agglomerates that are formed when polishing with the diluted solution. The second proposed option to decrease the SiO 2 RR is to dilute the original slurry in isopropyl alcohol (IPA) instead of DI water. The upper part of the graphic given in Fig. 6 shows the SiO 2 /Ti MRR selectivity as a function of slurry dilution. It can be seen that with a dilution of one volume of slurry in 3.5 volumes of IPA the two materials are polished at the exact same rate. With such a solution the MRR has been decreased down to 2.4 nm/min. For a 100 nm Ti blanket this would require more than 40 min of polishing. The slurry dilution allowed the reduction of the mechanical component of the CMP and thus decreases the MRR by decreasing the nanoparticle density in the solution. The Ti RR can be modified by changing the chemical component of the CMP. The Ti RR has thus been increased by adding an oxidizer, H 2 O 2 (30% vol.), to the slurry solution. The peroxide accelerates the titanium oxidation and as TiO 2 is softer than Ti it is easily removed from the sample surface. The freshly revealed titanium is oxidized and removed mechanically. The in situ oxidation-etching process is repeated during polishing and results in a faster Ti RR. The lower part of the graphic given on Fig. 6 represents the MRR selectivity as a function of volume percentage of H 2 O 2 added in a 1/1 slurry/IPA solution. The peroxide has a strong effect on the Ti RR at a lower percentage of addition and stabilizes above 0.5%. The oxidation is a self-limited process and is controlled by the rate at which the TiO 2 is removed mechanically from the sample surface. The IPA dilution in a volume ratio of 1:1 together with an addition of 1% of H 2 O 2 30% vol. showed a Ti/SiO 2 selectivity close to one. The MRR is slightly higher for titanium and is about 20 nm/min. Figure 7 shows SEM images of embedded titanium structures. It represents micro and nano-structures emphasizing the fact that both types of structures can be fabricated with a single CMP step. The inset shows a zoomed image of the highlighted nanostructure of a 50 nm nanowire (NW). The squares and lines on the two images are dummy structures that are mandatory for uniform polishing and MRR both at the device and sample level. With this process we have been able to fabricate NWs 20 nm wide together with micrometric structures such as 3 lm wide electrode lines or squared dummy structures.
When the titanium is completely removed from the silicon dioxide surface and thus only remains in the patterned trenches, further CMP iteration can be used to reduce the structure thickness down to few nanometers (step 5 to 6 of Fig. 4) . Therefore, an adapted CMP end point detection (EPD) method is proposed. The remaining titanium thickness is approximated by in situ NW electrical resistance measurements. The resistance measured is then compared with a material resistivity versus thickness model. 16 Further CMP iteration then allows the reduction of the titanium trenches thickness down to few nanometers.
III. CONCLUSION
This paper presents two different approaches for the fabrication of titanium nanostructures. Both approaches involve an EBL step that defines the lateral dimension of the structures that can be decreased down to 20 nm. With the CMP fabrication process the thickness of the titanium, or any other metal, can be decreased down to few nanometers. With the EBL-plasma etching approach the minimum thickness is; however, limited to 5-10 nm due to deposition procedure. The planarization process allows the fabrication of micro and nano-structures simultaneously in a single CMP step, though it requires the addition of dummy structures for a uniform planarization. 
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